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Chemoselective probe for detailed analysis of ketones and aldehydes produced by gut microbiota in human samples † The human body is populated by trillions of microbes that are heavily metabolically active. These communities have been termed microbiota and mainly reside in the gastrointestinal tract and the skin. Multiple state-of-the-art metagenomic studies have demonstrated a link between microbiota dysbiosis, which is an alteration of the ''normal'' composition of gut microbiota species, and human disease development. 1 Microbiota cells outnumber those of the human host and have been estimated to possess 100 times more genetic information than present in the human genome. 2 This vast enzymatic potential leads to the production of metabolites, which differ in their structures from endogenous metabolites. 3, 4 The selective discovery of microbial metabolites in human samples is crucial for the identification of the causative agents of pathologies. Carbonyl-containing compounds are reactive metabolites that can be produced by a range of bacteria commonly found to populate the human gut. 5, 6 These aldehydes and ketones produced by microbes have been reported to have both (i) beneficial effects, e.g. the 3-hydroxypropanal produced by Lactobacillus reuteri which inhibits the growth of pathogenic bacteria; 7 and (ii) deleterious effects, e.g. the accumulation of carcinogenic acetaldehyde in the colon as a result of Helicobacter pylori alcohol dehydrogenase activity. 8 These metabolites can be generated endogenously as a result of oxidative stress through lipid peroxidation, are a common component of the diet, and have been linked to diabetes, cancer and neurodegenerative diseases. 9, 10 Metabolomics is the investigation of metabolites in a biological sample, typically performed using mass spectrometric techniques. [11] [12] [13] So far the development of chemical biology tools in this research field has been limited compared to more established 'omics fields and new methods are required for selective analysis of microbiota-derived metabolites. [14] [15] [16] [17] [18] [19] Fecal samples in particular represent an understudied sample type with the potential to permit a more comprehensive understanding of the impact of microbiota metabolism on human health. The analysis of this sample type still remains a major challenge in metabolomics studies. 20 Analysis of ketone and aldehyde molecules by liquid chromatography-mass spectrometry (LC-MS) is difficult due to poor ionisation properties. 21 Derivatisation reagents have been developed for reaction with aldehydes and ketones through reductive amination, hydrazone formation and alkoxime formation to generate more stable, readily ionisable species. 22, 23 However, these methods usually suffer from ion suppression and complex data analysis due to interference by sample matrices. We have recently reported a unique chemoselective probe for capture and analysis of metabolic amines. 17 This advanced probe is immobilized to magnetic beads and enables facile probe activation for simple sample treatment and subsequent metabolite extraction (Fig. 1) . The key moiety of the probe is the bioorthogonal cleavage site p-nitrocinnamyloxycarbonyl (Noc), which can be cleaved under mild, bioorthogonal conditions using palladium(0) catalysis (Fig. 1B) . We sought to utilize this probe for analysis of ketones and aldehydes in human fecal samples collected from three pancreatic cancer patients. A comprehensive selective analysis of microbiotaderived metabolites in human fecal samples of pancreatic cancer patients has not yet been reported. The design of our chemoselective probe allows for a straightforward activation after Boc-deprotection of the immobilized probe 1 (Fig. 1B) . The immobilized and Bocprotected alkoxyamine was then deprotected with trifluoroacetic acid to yield activated probe 2 prior to treatment of human samples in order to capture carbonyl-containing metabolites 3. Under mild cleavage conditions we released conjugates 4 that could be separated from the magnetic beads and analyzed using LC-MS techniques.
Using the simplified chemoselective probe 7 synthesized from aniline 5 and NHS-activated carboxylic acid 6 under peptide coupling conditions, we optimized probe activation conditions and confirmed the stability of the conjugate under treatment conditions ( Fig. 2A) . Furthermore, 7 was used for the straightforward preparation of standard conjugates required for metabolite structure validation and ionization property measurements. The limit of detection (LOD) for butanone conjugate 4a was determined to be less than 10 nM in positive ionization mode, which corresponds to 50 fmol ( Fig. 2B and Fig. S1 , ESI †). No clearly detectable peak for unconjugated butanone was observed at 10 mM and could not be distinguished from the background noise demonstrating signal enhancement by a factor of at least one million. This mass spectrometric signal intensity increase of six orders of magnitude can be directly compared to the analysis of human samples as the sample matrix is removed using our procedure and released conjugates 4 are reconstituted in the same solution that is used in this LOD experiment.
Ketones and aldehydes are often analysed by monitoring the signal corresponding to their dehydrated positively charged ion due to in-source fragmentation that can be more abundant than the signal of the parent molecule. This proved to be the case for valeraldehyde, and analysis of this fragment determined that the LOD was greater than 25 mM, while the analysis of conjugate 4b revealed an LOD value less than 50 nM (Fig. 2B and Fig. S2, ESI †) . LOD analysis also demonstrated increased ionization properties for conjugates of glyoxylic acid (4d) and dihydroxyacetone (4e), which allows for analysis at low concentrations of less than 100 nM and 10 nM, respectively ( Fig. S3 and S4 , ESI †).
We analyzed fecal samples collected from three different pancreatic cancer patients (5M, 7F and 9F) to investigate metabolites derived from microbiota metabolism. An increasing body of evidence that microbiota dysbiosis is linked to the development of pancreatic cancer renders improvements in the analysis of fecal samples crucial to improve our understanding of the pathogenesis of this disease. While metagenomic analyses have revealed the connection between microbiota and pancreatic cancer development, the identification of molecular modulators or biomarkers through metabolomics-based analysis of fecal samples has so far been hampered due to limited analytical tools.
The analysis started with homogenization of each sample using a specialized homogenizer and lysing matrix. The resulting watersoluble fractions were redissolved in phosphate buffer and each sample was incubated separately with the activated probe 2 immobilized on magnetic beads (Fig. 1) . Afterwards, the beadbound chemoselective probe and the sample matrix were separated using a magnet. We next treated the captured metabolite-probebead conjugates to cleave the Noc group and release metaboliteconjugates 4 followed by separation from the magnetic beads for subsequent UPLC-MS/MS analysis. Unreacted magnetic beads were incubated and treated with the same cleavage conditions and served as control samples. Data processing was performed with R using the XCMS metabolomics framework. 24, 25 The bioinformatic data analysis resulted in approximately 14 000 mass spectrometric altered features. We reduced the feature number to 850 after eliminating features (1) with a mass smaller than the probe adduct (279.1451 Da), (2) more abundant in the control sample, or (3) less than five-fold more abundant in the feces-derived sample. The masses of candidate features were compared with the Human Metabolome Database (HMDB) and METLIN for determination of their chemical structures. 26, 27 Our detailed data analysis identified 112 captured ketone or aldehyde metabolites that could be assigned to tentative metabolite structures. This number is approximately four times as high as identified using standard analytical techniques for detection in other sample types, which we believe stems from the demonstrated increase in mass spectrometric sensitivity resulting from the lack of matrix background. Methods for analysis of human fecal samples that cannot avoid background interference have reported up to 70 captured metabolites mainly using GC-MS techniques. 28 We also addressed another major limitation of metabolomics analysis, the validation of the exact chemical structure of identified regioisomers. 15, 29 We synthesized a series of conjugates 4 using commercially available metabolites for LC-MS validation experiments ( Fig. 2A and Scheme S2, ESI †). We confirmed the presence of 19 carbonyl-ontaining metabolites present in at least one of the three analyzed fecal samples ( Fig. 3 and Fig. S5, S6 , ESI †). Reactions of non-symmetric aldehydes and ketones with alkoxyamine reagents can results in E/Z-isomer formation. 30 These conjugate isomers were resolved for some captured metabolites and were considered for structure identification and validation. All 19 confirmed metabolites are shown in Fig. 3 . These metabolites are color-coded according to their compound classes and their relative elution times are consistent with the polarity of the assigned structures. Simple sugar conjugates eluted first (red), followed by metabolites with various functionalities (black) and finally increasingly long chain aliphatic aldehydes and ketones (blue). Among these compounds we identified 14 that have previously been reported in human fecal samples according to the HMDB (Table S2 , ESI †). Interestingly, the five metabolites 2-ethylbutanal, lactaldehyde, noroxymorphone, L-erythrulose, and 3-hydroxypropanal have not been reported as metabolites in fecal matter. As illustrated in the Venn diagram for all identified 112 metabolites, we identified 34 metabolites present in all three fecal samples (Fig. 4A) . About 50% of all metabolites were identified exclusively in one patient sample.
As expected, a series of microbiota-derived metabolites was identified. As an example, we captured most metabolites from the fucose degradation pathway: fucose, lactaldehyde, propanal, and dihydroxyacetone (Fig. 4B) . Fucose is degraded by microbes in the gut to dihydroxyacetone phosphate (DHAP) and lactaldehyde, which is converted into propanediol. A rearrangement yields propanal, which is then oxidized to form propanoic acid. 31 Dihydroxyacetone can be formed from the oxidation of glycerol or through microbial DHAP phosphatases (Fig. 4B ). Thus, all described nonphosphorylated metabolites have been detected in our analysis, covering almost the entire pathway. We have also validated metabolites from the two interconnected methylglyoxal and glycerol conversion pathways that are produced through microbial metabolism. Besides these metabolic conversions described for microbiota metabolism, we have also validated metabolites previously linked to disease development (Table S3 , ESI †). In summary, we describe a new method at the interface of chemistry and biology for the comprehensive analysis of metabolic carbonyls in human fecal samples collected from pancreatic cancer patients. Our chemoselective probe strategy led to the identification of 112 detected metabolites, which outnumbers other studies by a factor of 2-4. This procedure facilitates analysis without matrix background that enables detection of metabolites in the femtomole range due to an increased mass spectrometric sensitivity by up to six orders of magnitude. We identified multiple metabolites derived from microbiota metabolism and linked to disease development and validated the chemical structure of five previously undetected metabolites. The identification of unknown metabolites is an initial step for the discovery of toxins produced by microbiota that are potential modulators or biomarkers for pancreatic cancer. We envisage that this chemoselective probe will be applied for large-scale analysis of human samples from patients with pancreatic cancer or other diseases to enable the discovery of unknown reactive metabolites or enable an efficient targeted analysis of specific carbonyl metabolites. This study was funded by the Swedish Research Council (VR 2016-04423), Carl Tryggers Foundation (CTS 2016:155/CTS 2018:820) and a generous start-up grant from the Science for Life Laboratory (to D. G.). We thank the staff at Karolinska Institute Hospital for collecting the samples.
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